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Abstract: A series of new Ru(II) complexes has been synthesised, with different azo ligands as additional chromophore. The dyes are all intensely colored due to MLCT and ILCT transitions in the visible region. The photophysical study of the dyes, carried out by UV-visible absorption and emission spectroscopy, showed unusual features such as intense solvatochromism and solvent-dependent extinction coefficients. The energies of these excited states have been tuned by changing the electron density across the series of azo ligands, and this results in different contributions from each charge transfer process for the different complexes and consequently, different emission behavior. The detailed behaviour of these dyes was further studied and interpreted through electrochemical, structural and computational techniques. The dyes do not work well as sensitisers for DSSCs and this is investigated by emission spectroscopy on TiO2 and ZrO2 films, suggesting poor charge injection to TiO2.
Introduction
Octaherdral, six co-ordinate ruthenium(II) complexes play an important role in the development of fundamental understanding and applications in  photochemistry, photocatalysis and photophysics. ADDIN EN.CITE [1] The most highly studied Ru complex, [Ru(bpy)3]2+ was first reported by Burstall in 1936[\o "Burstall, 1936 #181"], although its luminescence behaviour was not observed until 1959[\o "Paris, 1959 #185"]. Since then, hundreds, if not thousands, of these types of complexes have been synthesised and studied. These are d6, low-spin complexes with tunable photophysical and electrochemical properties through modification of the coordinating ligands. Due to the heavy metal centre, Ru complexes allow the excited singlet complex to relax to the triplet state via intersystem crossing (ISC) and thus produce long-lived phosphorescence. Besides the excited-state lifetime, Ru complexes also have the advantages of reversible redox, good stability, low aggregation and directional electron and energy transfer. All these features give Ru complexes promising potential in different photophysical and photoelectrochemical applications, such as photochemical water splitting[\o "Gersten, 1982 #188"], nonlinear optics ADDIN EN.CITE [\o "Sahraoui, 2009 #63"], photoswitching ADDIN EN.CITE [\o "Oszajca, 2011 #199"], imaging[\o "Gill, 2012 #201"], as well as dye-sensitized solar cells (DSSC)  ADDIN EN.CITE [\o "Hagfeldt, 2010 #40"].
Azo compounds, such as 2-phenylazopyridine (azpy), which contains the functional group –N=N-C=N-, have been used as ligands in metal complexes due to their ability to stabilise metals in their lower oxidation states. The first report of using azpy as a ligand in the synthesis of ruthenium complexes is from 1980, when Krause[\o "Krause, 1980 #220"] published the synthesis and characterisation of three isomers of [Ru(azpy)2Cl2]. The structural and spectroscopic properties of these isomers were further investigated by Velders. ADDIN EN.CITE [10] Further ruthenium complexes with azo ligands were synthesized and studied, regarding their synthesis, spectra, electrochemistry and X-ray crystal structures by different groups, including  dichloro bis[1-alkyl-2-(arylazo)imidazole] ruthenium complexes ADDIN EN.CITE [\o "Misra, 1998 #35"]  and dichloro bis[2-(arylazo)pyrimidine] ruthenium complexes ADDIN EN.CITE [\o "Santra, 1999 #227"] by Sinha, dithiocyanato-bis{1-(alkyl)-2-(arylazo)imidazole ruthenium by  Byabartta.[13] Other ruthenium complexes with mixed ligands, normally one or two azo ligands and another bipyridine or terpyridine ligand have been studied also by Lahiri ADDIN EN.CITE [\o "Mondal, 2000 #190"], Goswami ADDIN EN.CITE [\o "Das, 2003 #219"], Al-Noaimi ADDIN EN.CITE [\o "Al-Noaimi, 2007 #221"] and Sinha ADDIN EN.CITE [\o "Pal, 2000 #225"]. The  cytotoxic activity of ruthenium complexes containing azo ligands against a series of human tumor cell lines were studied by different groups, such as [Ru(azpy)2Cl2] by Velders ADDIN EN.CITE [\o "Velders, 2000 #186"], [Ru(azpy)(bpy)Cl2]  by Reedijk ADDIN EN.CITE [\o "Hotze, 2004 #8"] and a series of ruthenium complexes containing an η6-coordinated arene and azpy or phenylazopyrazole derivatives by Sadler. ADDIN EN.CITE [20] 
Some of the focus of these prior studies was on biological function, however the work also illustrated the enhanced light harvesting achieved by introducing azo ligands into such Ru complexes, and reversible Ru(II)/Ru(III) oxidation process, thus indicating potential for application in photophysical devices such as DSSCs. In order to use the complex as a sensitiser, the dye excitation should be a charge-transfer transition with the electron density moving towards the anchoring group to the TiO2 surface in order to facilitate electron injection. However for previous studies containing both azo ligand and bipyridine ligand in one Ru complex, the first reduction process is always based on the azo ligand. Thus, in contrast to previously-reported complexes, we need to modify the azo ligand to enable charge directionality towards bipyridine ligand, as well as also providing a bipy ligand able to bind to the mesoporous TiO2. To address this, we have designed a series of ruthenium complexes that include specifically designed azo ligands as an additional chromophore, and studied their photophysical and electrochemical properties in detail. To the best of our knowledge, this is the first specific design and trial application of Ru complexes with azo ligands for DSSCs. 

Results and Discussion
Synthesis and Characterisation

Five Ru(II) dyes containing the chelating phenylazopyridine or phenylazoimidazole ligands 2-Phenylazopyridine (azpy), 4-(2-pyridylazo)-N,N-dimethylaniline (dmazpy),  [4-(N,N-dimethylamino)benzeneazo]imidazole (pai) and 1-Methyl-2-[4-(N,N-dimethylamino)benzeneazo]imidazole (pai-Me) were synthesised. The structures are shown in Figure 1.


Figure 1. Structures of the studied Ru(II) sensitizers HY1-4 and for comparison N719, an analogous dye with no azo-ligand previously developed for dye-sensitised solar cells.

The synthetic procedure for HY-1 is given as an example in Scheme 1. It is based on an established one-pot literature method used to prepare [Ru(bipy)(bipy’)X2] dyes. ADDIN EN.CITE [21] [Ru(p-cymene)Cl2]2 dimer was used as a starting material. The [Ru(azo)(p-cymeme)Cl]+ intermediate was formed at room temperature and substitution of the p-cymene ligand by iBu2dcbpy was performed at a high temperature, followed by substitution of the two Cl ligands by NCS. The order of ligand addition is crucial to obtain a relatively clean crude product in the synthesis. In this case, it was discovered that the azo ligand can react with dichloro(p-cymene)ruthenium(II) dimer at ambient temperature while the iBu2dcbpy ligand cannot unless the temperature is over 60℃. This suggests that the azo ligands bond with ruthenium to form a more stable intermediate. In keeping with this, if the iBu2dcbpy ligand is added first, we observed that it can be replaced by the azo ligand in the next step to give a mixture of substitution products. The complexes were prepared with carboxylate groups to enable their subsequent study as sensitizers in DSSCs, however they were initially prepared in ester form, enabling the use of conventional silica gel chromatography for the isolation of pure products on a large scale. ADDIN EN.CITE [22] Butanol was used as solvent rather than DMF to avoid hydrolysis of the ester during the reaction.[23] Butanol is also a high-boiling solvent (118℃) so when refluxing in the final step, we were able to obtain the complex with N-bound thiocyanate ligands, rather than S-bound since the N-bound isomer is more thermodynamically favoured.



 
Scheme 1. Synthesis of HY-1
All complexes were examined by 1H NMR, 2D COSY and 2D NOESY spectroscopy to confirm their structures. HY-1 and HY-2 also showed the correct number of carbon peaks in the appropriate part of the 13C NMR spectrum. 13C NMR spectra of HY-3 and HY-4 could not be obtained due to their lower solubility. The unsymmetrical nature of the ligands leads to three possible isomers (excluding optical isomers and S-bound linkage isomers of NCS) for each complex. Only the α-cis isomer was obtained pure for Ru(iBu2dcbpy)(azpy)(NCS)2, Ru(iBu2dcbpy)(dmazpy)(NCS)2 and Ru(iBu2dcbpy)(pai-Me)(NCS)2 to give HY-1, HY-2 and HY-4, respectively. However, for Ru(iBu2dcbpy)(pai)(NCS)2, two isomers were observed in the 1H NMR of the crude product and they were successfully separated to give the α -cis isomer (HY-3a) and β-cis isomer (HY-3b). In the β-cis isomer, the characteristic ortho-proton signal on the phenyl group shifted significantly downfield compared to the corresponding α-cis isomer (ESI†). 
Crystal structures for two of the complexes were obtained and were consistent with the structures found by NMR. Table 1 shows selected bond distances for HY-2 and HY-3b. The Ru(51)-N(56) is longer than Ru(51)-N(51) in HY-2 and the Ru(1)-N(2) is longer than Ru(1)-N(6) in HY-3b. This can be explained by the stronger π-interaction with azoimine (-N=N-C=N-) than with the diimine (-N=C-C=N-) function, ADDIN EN.CITE [\o "Byabartta, 2001 #19"] which is consistent with the strengths of ligand coordination we observed during synthesis.
Table 1. Selected bond distances (Å) for HY-2 and HY-3b

HY-2	HY-3
Ru(51)-N(51)	2.023(8)	Ru(1)-N(1)	2.001(15)
Ru(51)-N(53)	2.040 (10)	Ru(1)-N(2)	2.075(16)
Ru(51)-N(55)	2.039(9)	Ru(1)-N(3)	1.995(17)
Ru(51)-N(56)	2.075(9)	Ru(1)-N(6)	2.029(17)
Ru(51)-N(57)	2.058(10)	Ru(1)-N(8)	1.98(2)
Ru(51)-N(58)	2.037(10)	Ru(1)-N(9)	2.001(18)

Figure 2. Single crystal X-ray structures of HY-2 (upper) and HY-3b (lower).
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Table 2. UV-Vis spectral data for the ligands
Ligand	λmax [nm] (ɛ/104 M-1 cm-1)
azpy	318 (1.9), 444 (0.9)
dmazpy	433 (3.8)
pai	268 (0.4), 318 (0.3), 456 (2.4)

The UV-Vis spectra of all the uncomplexed pro-ligands and complexes were measured and the results are summarized in Table 2 and Table 3. The azo ligands showed intense absorption bands in the region of 200-500 nm (Figure 3 upper). The π- π* bands of the ligand pai is the most red-shifted due to increased charge transfer character of the transition. ADDIN EN.CITE [25]  
Regarding the ruthenium complexes, the introduction of the azo ligand leads to an enhanced light harvesting compared to N719 (scheme 1) which lacks any azo ligand. (Figure 3 lower). The band that appears in the UV region, shows little variation in energy for all the complexes and can be assigned to πbpy- πbpy* ligand-centred transitions. Other bands in the visible light region in such Ru-bipy complexes are usually assigned to MLCT and details for the new dyes in this work are discussed later.


Figure 3 Upper: UV-Vis spectra of ligands in methanol; Lower: UV-Vis spectra of complexes in methanol.




Table 3. UV-Vis spectral data of HY1-4 in different organic solvents.
Compound	λmax [nm] (ɛ/104 M-1 cm-1)
	MeOH	MeCN	DMSO	DMF	DCM	Chloroform
N719	307(4.0)					
	377(1.0)					
	514(1.0)					
HY-1	313(2.7)	311(2.2)	316(2.4)	315(2.8)	315(2.9)	316(2.8)
	544(1.0)	546(0.8)	551(0.9)	553(1.0)	558(1.1)	564(1.1)
HY-2	314(2.1)	310(2.3)	314(2.0)	313(1.0)	313(2.3)	314(2.2)
	372(0.7, sh)	376(0.8)	380(0.7)	383(0.4)	394(0.9)	403(0.9)
	513(1.9)	514(2.2)	524(1.9)	519(0.9)	520(2.5)	521(2.6)
	601(1.1)	603(1.2)	613(1.1)	610(0.5)	611(1.4)	614(1.3)
HY-3a	313(2.6)	313(2.3)	318(2.5)	317(3.1)	314(2.3)	315(2.4)
	492(2.5)	493(2.1)	495(2.3)	435(3.4)	506(2.5)	510(2.9)
	577(1.3)	585(1.2)	587(1.3)	587(1.4)	600(1.3)	608(1.4)
HY-3b	313(2.2)	313(2.2)	318(2.0)	318(2.1)	315(2.2)	315(2.2)
	503(2.3)	504(2.1)	478(1.9)	455(2.9)	521(2.5)	527(2.6)
	572(1.8)	582(1.6)	582(1.3)	591(1.0)	598(2.1)	608(2.2)
HY-4	313(2.0)	313(2.3)	317(2.5)	316(1.4)	315(1.9)	315(2.1)
	501(2.2)	502(2.6)	511(2.9)	507(1.6)	510(2.3)	512(2.8)
	588(1.1)	592(1.3)	601(1.5)	600(0.8)	603(1.1)	607(1.3)



Z values	83.6	71.3	70.2	68.5	64.2	63.2





Cyclic voltammetry
The redox behaviour of the complexes in acetonitrile solution was examined by cyclic voltammetry. The electrochemical data for the first oxidation potential and the first reduction potential are summarised in Table 4 and the cyclic voltammogram for HY-1 is given as an example in Figure 4.



Figure 4. Cyclic voltammogram of HY-1 in acetonitrile. 





Table 4 Cyclic voltammetry data
Compounds	Eox vs. NHE / V	1st Ered vs. NHE / V	2nd Ered vs. NHE / V
HY-1	1.34	-0.43	-0.94
HY-2	1.17	-0.54	-0.99
HY-3a	1.09	-0.66	-1.02
HY-3b	0.99	-0.66	-1.02
HY-4	1.07	-0.66	-1.07
N719a	1.12a	-0.60[a]	-
[a] See reference 24. ADDIN EN.CITE [26]

The first oxidation potential was assigned to the Ru(II)/Ru(III) couple and was irreversible for all the dyes. Comparing within the same isomers, the Ru(II)/Ru(III) redox potential follows the trend  HY-4 < HY-3a < N719 < HY-2 < HY-1. This is correlated with the π-acidity order of the ligands. ADDIN EN.CITE [11, \o "Constable, 1989 #39"] The bipyridine ligands thus better stabilize the reduced Ru(II) than pai and pai-Me but less effectively than azopyridines. This observation also corresponds with the calculations since the location of the LUMO gradually changes from the azo ligand to the bipyridine ligand from HY-1 to HY-4 (see later). 

Device performance
The complexes were tried as sensitizers in dye-sensitized solar cells and full details of cell fabrication are given in the Experimental section. The iso-butyl group was easily removed by stirring in a tetrabutylammonium hydroxide (TBAOH) solution for 20 mins, followed by careful addition of nitric acid to precipitate the product with carboxylic acid as anchoring group (ESI†). NMR and elemental analysis of the precipitate in each case are consistent with of the proposed structure [Bu4N][Ru(azo)(dcbpy)(NCS)2]. Dye-sensitized solar cells were prepared by standard methods and tested under AM1.5 radiation (ESI†) and the commercial dye, N719, was used as a comparison. Surprisingly, the new complexes all showed very poor power-conversion efficiency of <0.2%. N719-sensitized DSSCs performed significantly better in every aspect including photocurrent, voltage and efficiency with a highest observed efficiency of 7.0%. Detailed data are summarized in Table S3†. 

Photophysical and Computational Study
Despite the appropriate redox properties and light harvesting of these dyes, the DSSC performance was poor. To understand this and to explore the electronic structures of these dyes in more detail, we undertook a study of the photophysical properties of the dye series, interpreted in the context of DFT and TD-DFT calculations. 
The orbital distributions of all complexes are shown in the ESI.† For both complexes HY-1 and HY-2, the HOMO is mainly localised on the Ru atom with a strong d character and on the NCS ligands with strong π character. Also, a small contribution of the azo ligand can be seen to contribute to the HOMO. In HY-1, the LUMO is mainly localised on the azo ligand with the LUMO+1 on the bipy ligand. As the azo ligand becomes more electron rich from azpy to dmazpy, a larger contribution from the bipy can be observed for the LUMO for HY-2.
Figure 5. Experimental (black) and TDDFT simulated (red) absorption spectrum of HY-2.
In the case of HY-3 and HY-4, which contain the more electron-rich pai and pai-Me ligands, the lowest unoccupied level of the azo ligand is higher than that of the bipy. As a result, the LUMO of HY-3 and HY-4 lies on the bipy ligand and LUMO+1 is mainly located on the azo ligand with a very similar energy. The pai and pai-Me ligands were deliberately chosen to favour location of the LUMO on the bipy ligand so this is as expected from the design strategy.
As mentioned before, the transitions in the visible region are typical of Ruthenium dyes and are assigned to metal-to-ligand charge transfers (MLCT), as exemplified by N719 (Fig 3 lower, dotted line). In that case this transition takes place from the metal centre to the bipyridine and allows rapid electron injection into the TiO2 when the dye is incorporated into a DSSC device.
In the case of the new dyes, TDDFT calculations showed the complexity of these compounds. HY-2 is shown as an example in Figure 5. TDDFT simulated absorption spectra matched well with the experimental, giving confidence in the assignment of transitions through the computational results. Table 5 summarizes selected low-energy singlet-singlet transitions and more detailed computational results with more transitions and orbital distributions found in the ESI†. 
For all the complexes, the first transition is observed around 750 nm with very small oscillator strength, assigned to a spin forbidden transition from HOMO to LUMO which was made partially-allowed by spin-orbit coupling. The highly-intense bands between 450 nm and 600 nm are due to mixed character transitions, composed of some dπ - π*azo metal-to-ligand charge transfer (MLazoCT), dπ - π*bp metal-to-ligand charge transfer (MLbpCT), π azo - π*bp ligand-to-ligand charge transfer (LLCT), n- πazo* intra-ligand charge transfer (ILCT) and πazo- πazo* ligand-centered (LC) character. This complexity may arise from a splitting of d orbitals of Ru metal due to the presence of different acceptor orbitals. The lower symmetry splitting may then result in a mixing of singlet and triplet configurations in the excited state through spin-orbit coupling. ADDIN EN.CITE [14a]
For HY-1, the band at 544 nm is assigned to a combination of MLazoCT and MLbpCT. In the case of HY-2, this band red-shifted and split into two bands. The red-shift is explained by the introduction of the electron-donating N,N’-dimethyl group on the phenyl ring of the azo ligand. The band at the longer wavelength is mainly due to MLazoCT and the other one is mainly based on MLbpCT. ILCT and LLCT also contributes in both transitions.
HY-3 and HY-4 have two bands between 450 and 700 nm. However, since the LUMO for HY-3 and HY-4 were localised on bpy instead of azo ligands, unlike HY-1 and HY-2, the lower energy transition is largely due to MLbpyCT and the higher energy transition to MLazoCT. However, again, both also contained a large contribution from ILCT and LC.
The two isomers of HY-3 behaved similarly both experimentally and computationally. The main difference is that HY-3b has a higher extinction coefficient at the lower energy band.














Table 5. Wavelengths, oscillator strengths and major contributions to selected singlet optical transitions calculated by TDDFT.



	State	Wavelength(nm)	Osc.Strength	Nature of transition (major contribution, %)[a][,b]	Primary character
HY-1	4	582.74	0.0674	H-2LUMO (19%), HOMOL+1 (64%)	MLazoCT/MLbpCT/ ILCT
	6	519.00	0.0427	H-2L+1 (34%), H-1L+1 (58%)	MLazoCT/MLbpCT
	7	506.20	0.0417	H-3LUMO (17%), H-2L+1 (49%), H-1L+1 (24%)	MLazoCT/MLbpCT
HY-2	4	604.15	0.1064	H-2LUMO (24%), H-1LUMO (27%), H-1L+1 (24%)	MLazoCT/LC/ ILCT /LLCT
	8	501.37	0.491	H-3LUMO (38%), H-3L+1 (21%), H-1LUMO (22%),	MLbpCT /ILCT /LLCT
HY-3a	5	611.1	0.0471	H-2LUMO (16%), H-2L+1 (67%)	MLazoCT/MLbpCT
	6	579.1	0.078	H-3LUMO (36%), H-1L+1 (45%)	MLazoCT/MLbpCT/ILCT/LLCT
	7	558.6	0.1268	H-3LUMO (41%), H-3L+1 (26%)	MLazoCT/MLbpCT/ILCT/LLCT
	8	506.9	0.1947	H-4LUMO (41%), H-3L+1 (27%), HOMOL+2 (18%)	MLazoCT/MLbpCT/ILCT/LLCT
	9	500.0	0.3648	H-4LUMO (23%), H-3L+1 (32%), HOMOL+2 (16%)	MLazoCT/MLbpCT/ILCT/LLCT
HY-3b	5	608.8	0.121	H-3LUMO (14%), H-2LUMO (59%)	MLbpCT/ MLazoCT /ILCT
	8	505.4	0.1536	H-4LUMO (30%), H-3L+1 (17%), HOMOL+2 (36%)	MLazoCT/ILCT/LLCT
	9	498.5	0.2646	H-4L+1 (16%), HOMOL+2 (39%)	MLbpCT/LLCT
	10	493.2	0.2042	H-4LUMO (65%), H-3L+1 (16%)	MLazoCT/MLbpCT/ILCT/LLCT
HY-4	7	560.6	0.1596	H-3LUMO (28%), H-3L+1 (24%), H-1L+1 (25%)	MLbpCT/ MLazoCT /ILCT/LLCT
	8	508.3	0.2898	H-4LUMO (22%), H-3L+1 (42%),	MLazoCT/MLbpCT/ILCT/LLCT
	9	502.9	0.2835	H-4LUMO (22%), H-3L+1 (17%), HOMOL+2 (37%)	MLazoCT/MLbpCT/ILCT/LLCT



[a] H = HOMO; L = LUMO. [b] Major contributions defined as >15% contribution to the transition

  
Figure 6. The solvatochromic behaviour of HY-1 (upper) and HY-3a (lower) in different solvents.

The high solubility in most solvents allowed a detailed investigation of the solvatochromic behaviour of these compounds. Solvatochromism has been previously reported in ruthenium organometallic compounds. ADDIN EN.CITE [28] Six solvents were used in the study, namely, methanol (MeOH), dichloromethane (DCM), acetonitrile (MeCN), dimethylformamide (DMF), dimethylsulfoxide (DMSO) and chloroform. The results are summarized in Table 3 and examples of HY-1 and HY-3a are given in Figure 6. All compounds HY1-4 showed negative solvatochromism, i.e., absorption bands blue-shifted with increasing solvent polarity. This phenomenon was especially remarkable in the bands between 450-700 nm. This means the ground state of the dyes is better stabilized than the excited state in solvents with higher polarity. The solvent-dependent absorption data of the dyes in these six solvents were analysed in respect to different solvent parameters. However, no linear correlations could be found with dielectric constant, or dipole moment. A moderate correlation could be observed with Kosower’s Z value[\o "Kosower, 1958 #211"] (R2 between 0.48 and 0.82), which corresponds to solvent polarity. The fits can be found in the Supporting Information.  This solvatochromic behaviour is consistent with the usual phenomenon of Ru complexes that contain ligands with lone pairs of electrons.  ADDIN EN.CITE [\o "Nazeeruddin, 2001 #215"] In addition to the solvatochromic behaviour, we note unusually large differences in some cases in extinction coefficients of the charge-transfer transitions (table 3). The greatest differences arise when comparing chloroform with DMF or DMSO, for example, the lowest-energy transitions for HY-4, are around 70% more intense in chloroform compared with DMF. We suggest this may relate to the ability of the solvent to form hydrogen bonds, although further study would be required to substantiate this.
Emission was recorded in methanol, with and without the presence of O2 from air. In general, the samples were degassed and cooled down in liquid nitrogen and measurements were taken at 77K. Control measurements were taken at room temperature, and without degassing, in order to identify emission from triplet states.  All emission spectra were corrected for inner filter effects,[\o "Lakowicz, 2006 #61"] and data can be found in ESI. † For comparison, emission spectra were also recorded for all the azo ligands and for iBu2dcbpy and are shown in ESI.† 
For all the complexes, no emission could be observed when excited at the lowest energy absorption band (~550nm). This is unusual but has been observed before in the case of cycloruthenated carbonyl complexes by Kumar ADDIN EN.CITE [\o "Kumar, 2006 #191"] where strong chromophore groups were chelated to Ru complexes. Excitation at 500 nm however, led to observable emission in solution and frozen glass. In the case of HY-1 and HY-2, comparatively strong emission around 540 and 580 nm was observed. This small Stokes shift emission may arise through 1MLCT that relaxes rapidly to the ground state before intersystem crossing occurs to 3MLCT, and/or from deactivation of any 3MLCT state by mixing with low lying non-emitting azo-ligand-based excited states. Large singlet character in the emission is consistent with significant ligand character through the strong contribution of the azo chromophore. In HY-3a,b and HY-4, similar bands were seen around 530 and 585 nm, however additional peaks or shoulders were also seen around 625 and  670 nm that were absent from HY-1 and HY-2 (Fig. 7).
 
Figure 7. Emission spectra for HY-1~4 recorded in MeOH degassed solutions at 77K when excited at 500 nm.

To explore the capability of the dyes to inject electrons into TiO2, emission of complexes on mesoporous oxide substrates was tested. Thin films of selected complexes, HY2 and HY4 were spin-coated onto mesoporous ZrO2 and TiO2.  Emission quenching on TiO2 would indicate that the electrons inject into TiO2, with ZrO2 used as a control since the higher conduction band would preclude charge injection. Emission spectra were recorded upon excitation at 500 nm and partial, although not complete, quenching of emission for the dyes on TiO2 was observed in both cases. Time-correlated single photon counting measurements were performed on the samples to determine the emission lifetimes of the signals observed. Dyes were excited at 282nm and emission was monitored at 460 nm. A long pass filter at 420 nm was set in the emission channel. Reference measurements were taken on TiO2 and ZrO2 films. The lifetimes of both HY2 and HY4 were seen to decrease from 22.12 ns and 21.8 ns to 15.11 ns and 12.34 ns respectively going from ZrO2 to TiO2, consistent with the reduction in emission intensity (Fig. 8). Overall however, the weak emission, short lifetimes and only-partial quenching suggest that charge injection in the DSSC may be the limiting factor in cell performance.

 

Figure 8. Emission of HY-2 and HY-4 on mesoporous TiO2 and ZrO2 excited at 500 nm.

Conclusions
A series of novel Ru(II) complexes with bis(2-methylpropyl)-2,2’-bipyridine-4,4’-dicarboxylate (ibu2dcbpy) as one chromophore and phenylazopyridine derivatives (azpy and dmazpy) or [4-(N,N-dimethylamino)benzeneazo]imidazole derivatives (pai and pai-Me) as an additional chromophore and thiocyanate as ligand have been synthesized (HY-1~HY-4). These dyes are all intensely colored in the visible region. For simple Ru-bipyridyl complexes, such transitions would be due to dπ - π* metal-to-ligand charge transfer (MLCT) occurring in the visible region. However, the photophysical study of the new dyes showed unexpected features including intense solvatochromism, and also solvent-dependence of extinction coefficient. 
The absorption spectrum of the dyes showed an enhanced light harvesting compared to the N719 dye that lacks the azo ligand and electrochemical study also showed properties suitable for application as sensitisers in DSSCs. Following hydrolysis, the complexes were investigated in DSSCs, with performance investigated using I-V measurements. Poor performance was observed and we attribute this as mostly likely due to poor charge injection due to short excited-state lifetime. Although the application of these current dyes in DSSCs is not feasible due to their poor performance, this study allowed us to determine the positions of the HOMO and LUMO orbitals and correlate it to the π-acidity of the dyes. It is expected that this will help the design of related dyes for DSSC or similar optoelectronic fields, and highlight the approach of joining together an additional chromophore to enhance light harvesting with a ruthenium complex. 
Experimental Section

Materials and reagents
The preparations of the starting materials dichloro(p-cymene)ruthenium(II) dimer[\o "Bennett, 1982 #1"], and all ligands including 4, 4’-dicarboxylic acid-2,2’-bipyridine (dcbpy)  ADDIN EN.CITE [\o "Donnici, 1998 #46"], bis(2-methylpropyl)-2,2’-bipyridine-4,4’-dicarboxylate (ibu2dcbpy)[\o "Rawling, 2008 #4"], 2-Phenylazopyridine (azpy) ADDIN EN.CITE [\o "Hotze, 2004 #8"],  [4-(N,N-dimethylamino)benzeneazo]imidazole (pai) and 1-Methyl-2-[4-(N,N-dimethylamino)benzeneazo]imidazole (pai-Me)[\o "Salwinska, 1983 #9"] were based on literature report. 4,4’-Dimethyl-2,2’-bipyridyl, 2-aminoimidazole suflate, NaNO2, NaH, methyl iodide and N,N-dimethylaniline were purchased from Sigma-Aldrich. 2-Aminopyridine and nitrosobenzene were purchased from Merck (MDA) incl Schuchard. 4-(2-pyridylazo)-N,N-dimethylaniline and 1M tetra-n-butylammo was purchased from Alfa (Aesar). All chemicals were used without further purification. All solvents were reagent grade except for the ones for emission, which were spectroscopic grade. They were all used as received. 

Methods

Chemical Characterisation 1H NMR, 13C NMR, 2D COSY and 2D NOESY spectroscopy were performed on Bruker 400 MHz, 500 MHz or 600 MHz FT-NMR spectrometers. The reported chemical shifts were against TMS. Electron Ionization Mass Spectrometry (EI-MS), Electrospray Ionisation Mass Spectrometry (ESI-MS) and Fast Atom Bombardment Mass Spectrometry (FAB-MS) were recorded on ThermoElectron MAT 900. Elemental analyses were carried out by Stephen Boyer at London Metropolitan University using a Carlo Erba CE1108 Elemental Analyser.

Optical Characterisation The UV/vis studies were recorded using a Jasco V670 UV-Visible-NIR spectrophotometer and analysed using UVwinlab software. All measurements were made using a quartz cell of 1 cm path length using methanol, dichloromethane, acetonitrile, dimethylformamide, dimethylsulfoxide and chloroform as the solvents. Emission was recorded with a Flourolog-3 Horiba Yobin-Ybon spectrometer and analysed with OriginPro 9. Concentration of 2 × 10-5 M and 1.5 × 10-5 M were used for UV-Visible and emission, respectively. 

Electochemical Characterisation Electrochemical studies were obtained by cyclic voltammetry (CV) using a µ autolab type III potentistat, controlled using General Purpose Electrochemical System (GPES) software. A platinum rod counter electrode, a 0.5 mm diameter platinum working electrode and an Ag/AgCl reference electrode were used. Ferrocene/ferrocenium (Fc/Fc+) redox couple was used as an internal standard. Tetrabutylammonium tetrafluoroborate (TBABF4) or tetrabutylammonium hexafluorophosphate was used as the supporting electrolyte. The experiment was performed in nitrogen purged 0.1 M [TBA]+[BF4]- or 0.1 M [TBA]+[BF6]- solution in acetonitrile.  The data were recorded against ferrocene and converted to NHE by addition of 0.63V. 

Computational Characterisation The hydrolysed molecular structures were optimised in vacuum, using the software Avogadro ADDIN EN.CITE [\o ",  #429"] to enter the starting geometry. Then the structure was optimised using the methanol polarisable-continuum model, starting from the optimised structure from vacuum. All calculations were carried out using the Gaussian 09 program[\o "Gaussian 09,  #423"] with the Becke three parameter exchange functional with the Perdew Wang 1991 correlation functional (B3PW91) ADDIN EN.CITE [\o "Perdew, 1993 #424"] level of theory together with 6-31+G* basis set for C, H, N, O and S atoms. The Ru atom was treated with the Hay-Wadt VDZ (n+1) ECP basis set. ADDIN EN.CITE [40] Time-dependent DFT calculations (TD-DFT) ADDIN EN.CITE [\o "Bauernschmitt, 1996 #431"] were performed using Gaussian 09 program[\o "Gaussian 09,  #423"] with a methanol polarisable continuum model (PCM). ADDIN EN.CITE [42] The 70 lowest singlet electronic transitions were calculated and processed with the GaussSum software package. ADDIN EN.CITE [43]

Crystallography Black plate crystals of HY-2 and thin black needle crystals of HY-3b were grown by slow diffusion from acetone/hexane. Single crystal data were collected using Cu-Kα radiation (λ=1.54184Å) on a Bruker Smart Apex CCD diffractometer equipped with an Oxford Cryostreams low temperature device operating at 120 K. An absorption correction was applied using numerical for HY-2 and Gaussian for HY-3b.[44] The structure was solved by Patterson synthesis and refined by Full-matrix least-squares on F2.[45] Gigures were preapared using the programme Mercury.[46] 
HY-2: C35H38N8O4RuS2·C3H6O·CH4O (moieties), C40H52N8O7RuS2(total), T/K = 120(2),  space group p-1, a = 10.6502(3), b = 19.9039(10), c = 20.9841(11) Å, V = 4320.7(4) Å3, reflections for cell refinement=9185 (θ = 4.2~74.3°), Z = 4, Dc = 1.418 Mg m-3, μ = 4.312 mm-1, reflections collected = 49305 (Rint = 0.0886), no. F2 > 2 σ = 11292, Tmin/Tmaz = 0.572/0.937, Data / restraints / parameters = 15456 / 150 / 908, R1 (F2 > 2 σ) = 0.1320, wR2 = 0.3202, S = 1.088, Δρmax / e Å-3 = 3.00, Δρmin / e Å-3 = -3.35. 
HY-3b C36 H43 N9O5RuS2, T/K = 120(2),  space group p-1, a = 7.5548(8), b = 15.6015(19), c = 17.570(2)Å, V = 1985.6(4)Å3, reflections for cell refinement=2113 (θ = 3.5~38.1°), Z = 2, Dc = 1.417Mg m-3, μ = 4.611 mm-1, reflections collected = 12607 (Rint = 0.1293), Tmin/Tmaz = 0.998/1.000, Data / restraints / parameters = 2113 / 42 / 321, R1 (F2 > 2 σ) = 0.0867, wR2 = 0.2235, S = 1.144, Δρmax / e Å-3 = 0.880, Δρmin / e Å-3 = -0.475. 
CCDC-1027610 and 1027609 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif (​http:​/​​/​www.ccdc.cam.ac.uk​/​data%5Frequest​/​cif​).

Photovoltaic measurements Current-voltage data were measured using 1kW Xenon light source with AM 1.5 filter. The light intensity was calibrated to 100 mWcm-1 using a GaAs solar cell. The data were recorded using an Autolab PGSTAT30 potentiostat. To make the working electrode, a fluorine doped tin oxide (FTO) coated conductive glass was cut into 1 × 1.5 cm2 plates and washed by sonication in detergent, distilled water, acetone and ethanol. The cleaned glass was pre-treated with a solution of TiCl4 (40mM in water) at 75 ℃ for 30 mins, rinsed with water and ethanol. A circle film of titanium dioxide paste was coated onto the conductive side by doctor blading. The film was dried at 125℃ for 6 mins and gradually heated using a controllable hotplate (325℃ for 5 mins; 375℃ for 5 mins; 425℃ for 5 mins; 475℃ for 10 mins; 510℃ for 10 mins). The slides were allowed to cool to room temperature and post-treated with TiCl4 (40mM in water) again at 75 ℃ for 30 mins and sintered at 500 ℃ for 30 mins. When the temperature dropped to about 80-100 ℃, the working electrode was put into 0.3mM hydrolysed dye solution in acetonitrile:methanol (1:1) and soaked for 24 hours. The electrodes were removed and washed with ethanol, to remove any unbound dye. Counter electrode was prepared by drilling a hole into pre-cut FTO glass (1 × 1.5 cm2) and washed with distilled water, 0.1M HCl in ethanol and finally acetone. The electrode was heated at 400 ℃ for 15 mins both before and after a layer of Platisol solution was applied. The solar cells were then assembled by superimposing the two electrodes together using thermal plastic (Surlyn). There different electrolytes were used. Electrolyte A: 1.0M BMII, 0.1M GuNCS, 0.03M I2, 0.5 M t-BP in MeCN/VN (85:15); Electrolyte B: 1.0M BMII, 0.1M GuNCS, 0.05M LiI, 0.03M I2 in MeCN/VN (85:15); Electrolyte C: 1.0M BMII, 0.1M GuNCS, 0.4M LiI, 0.03M I2 in MeCN/VN (85:15). The electrolyte was introduced into the hole and the hole was sealed by sticky tin foil.

Synthetic procedures
All compounds were synthesised using a similar procedure. Typically, the ruthenium dimer [Ru(p-cymene)Cl2]2  (1 mol equiv) and azo ligand (2 mol equiv) were dissolved in dry butanol. The solution immediately changed color and was stirred at ambient temperature for 2h. Then ibu2dcbpy (2 mol equiv) was added and the mixture refluxed under a nitrogen atmosphere in the dark overnight. Excess ammonium thiocyanate (30 mol equiv) was added to the reaction mixture and heated at reflux for 4h. The solution was cooled to room temperature. After filtration, the solvent was removed under vacuum and the residue was stirred in water overnight. The solid was collected by    filtration and purified by silica gel column chromatography. Details of the amounts of reactants, volumes of butanol, eluent and nature of the product are described below for the individual reactions.
Ru(iBu2dcbpy)(azpy)(NCS)2 (HY-1) [Ru(p-cymene)Cl2]2  (0.36, 0.58mmol), azpy (0.21g, 1.17mmol), ibu2dcbpy(0.42g, 1.17mmol)  in 60ml butanol; methano/dichloromethane (1:25); dark red powder. Yield: 0.21g (24%). 1H NMR (500MHz, CDCl3): 9.33(d, J=5.7Hz, 1H), 9.29(d, J=5.7Hz, 1H), 8.61(s, 1H), 8.59(d, J=8.1Hz, 1H), 8.57(s, 1H), 8.20(t, J=7.7Hz, 1H), 8.08(d, J=6.0Hz, 1H), 7.91(t, J=6.7Hz, 1H), 7.77(d, J=5.8Hz, 1H), 7.26(t, J=7.5Hz, 1H), 7.15(d, J=5.8Hz, 1H), 7.09(t, J=7.7Hz, 2H), 6.78(d, J=8.4Hz, 2H), 4.29(d, 2H), 4.23(d, 2H), 2.21(sep, J=6.3Hz, 1H) , 2.13(sep, J=6.6Hz, 1H) , 1.11(d, J=6.7Hz, 6H) , 1.04(d, J=6.7Hz, 6H). 13C NMR (500MHz, CDCl3): 166.57, 163.22, 162.66, 158.46, 155.90, 155.59, 154.44, 152.02, 151.03, 139.20, 138.57, 138.38, 128.76, 126.04, 125.89, 125.60, 125.17, 121.97, 121.92, 121.18, 72.99, 72.84, 27.87, 27.80, 19.13, 19.08. MS FAB (m/z): [M]+ calcd for C33H33O4N7RuS2: 757.10789, found: 757.10779. Anal. Calc. for C33H33O4N7RuS2: C 52.37, H 4.39, N 12.95. Found: C 52.42, H 4.32, N 13.01%. 
Ru(iBu2dcbpy)(dmazpy)(NCS)2 (HY-2) [Ru(p-cymene)Cl2]2  (0.18g, 0.3mmol), dmazpy (0.14g, 0.6mmol), ibu2dcbpy(0.21g, 0.6mmol)  in 40ml butanol; methano/dichloromethane (1:25); dark purple powder. Yield: 0.19g (53%). 1H NMR (500MHz, CDCl3): 9.61(d, J=5.8Hz, 1H), 9.32(d, J=5.7Hz, 1H), 8.67(s, 1H), 8.59(s, 1H), 8.42(d, J=8.1Hz, 1H), 8.21(d, J=5.7Hz, 1H), 8.10(t, J=15.7Hz, 1H), 7.70,7.68(t, 1H; d, 1H), 7.10(d, J=5.9Hz, 1H), 7.03(d, J=9.1Hz, 2H), 6.23(d, J=9.3Hz, 2H), 4.32(d, J=6.9Hz, 2H), 4.20(d, J=6.9Hz, 2H) 2.98(s, 6H), 2.23(sep, J=6.6Hz, 1H) , 2.11(sep, J=6.6Hz, 1H) , 1.13(d, J=6.7Hz, 6H) , 1.03(d, J=6.7Hz, 6H). 13C NMR (500MHz, CDCl3): 166.41, 163.64, 163.01, 158.75, 156.52, 154.64, 152.41, 151.91, 151.04, 147.45, 139.54, 138.03, 137.99, 137.91, 136.91, 125.76, 125.19, 124.88, 124.14, 124.08, 121.92, 121.82, 110.58, 72.75, 40.23, 27.91, 27.80, 19.18, 19.08. MS FAB (m/z): [M]+ calcd for C33H38O4N8RuS2: 800.15009, found: 800.14954. Anal. Calc. for C35H38O4N8RuS2: C 52.55, H 4.79, N 14.01. Found: C 52.62, H 4.84, N 13.85%.
[Ru(iBu2dcbpy)(pai)(NCS)2] [Ru(p-cymene)Cl2]2  (0.18g, 0.3mmol), pai (0.13g, 0.6mmol), ibu2dcbpy(0.21g, 0.6mmol)  in 50ml butanol; ethyl acetate/dichloromethane (1:8). A dark red fraction eluted first, followed by a blue-violet fraction and then a red-violet fraction. The solvent was removed from all three fractions. The red fraction was determined to be Ru(iBu2dcbpy)2(NCS)2 by NMR. The blue-violet fraction yielded 30mg (13%) of β-[Ru(iBu2dcbpy)(pai)(NCS)2], while the green-violet fraction yielded 40 mg (17%) of α-[Ru(iBu2dcbpy)(pai)(NCS)2].
α-[Ru(iBu2dcbpy)(pai)(NCS)2] (HY-3a) 1H NMR (600MHz, CDCl3): 12.04(br, 1H), 9.59(d, J=5.7Hz, 1H), 8.68(s, 1H), 8.60(s, 1H), 8.16(d, J=6.0Hz, 1H), 7.70(d, J=6.0Hz, 1H), 7.64(s, 1H), 7.62(s, 1H), 7.43(d, J=5.9Hz, 1H), 6.90(d, J=9.0Hz, 2H), 6.22(d, J=9.1Hz, 2H), 4.31(m, 2H), 4.19(d, J=6.2Hz, 2H), 2.96(s, 6H), 2.23(m, 1H) , 2.11(m, 1H) , 1.13(d, J=6.7Hz, 6H) , 1.03(d, J=6.7Hz, 6H). MS ESI (m/z): [M+Na]+ calcd for C33H37O4N9RuS2Na: 812.13511, found: 812.13560. Anal. Calc. for C33H37O4N9RuS2: C 50.24, H 4.73, N 15.98. Found: C 50.34, H 4.72, N 15.87%.
β-[Ru(iBu2dcbpy)(pai)(NCS)2] (HY-3b) 1H NMR (600MHz, CDCl3): 11.54(br, 1H), 9.67(d, J=5.6Hz, 1H), 8.77 s, 1H), 8.61(s, 1H), 8.37(d, J=8.6Hz, 2H), 8.14(d, J=3.6Hz, 1H), 7.92(d, J=5.6Hz, 1H), 7.59(d, J=5.6Hz, 1H), 7.02(s, 1H), 6.75(d, J=8.6Hz, 2H), 6.22(s, 1H), 4.32(d, J=6.7Hz, 2H), 4.17(d, J=6.7Hz, 2H), 3.13(s, 6H) 2.23(m, 1H) , 2.09(m, 1H) , 1.12(dd, J=3.7Hz, 2.7Hz, 6H) , 1.01(d, J=6.6Hz, 6H). MS ESI(m/z): [M+H]+ calcd for C33H38O4N9RuS2: 790.15317, found: 790.15270. Anal. Calc. for C33H37O4N9RuS2: C 50.24, H 4.73, N 15.98. Found: C 50.34, H 4.70, N 15.88%. 
Ru(iBu2dcbpy)(pai-Me)(NCS)2 (HY-4) [Ru(p-cymene)Cl2]2  (0.31g, 0.5mmol), pai-Me (0.23g, 1mmol), ibu2dcbpy(0.36g, 1mmol)  in 50ml butanol; ethyl acetate/dichloromethane (1:8) and ethyl acetate/petroleum ether (3:2); dark green-violet powder. Yield: 63.2mg (8%). 1H NMR (500MHz, CDCl3): 9.53(d, J=5.9Hz, 1H), 8.67(s, 1H), 8.61(s, 1H), 8.12(d, J=6.0Hz, 1H), 7.74(d, J=1.5Hz, 1H), 7.72(d, J=5.9Hz, 1H), 7.55(d, J=1.4Hz, 1H), 7.50(d, J=5.8Hz, 1H), 6.84(d, J=9.2Hz, 2H), 6.24(d, J=9.2Hz, 2H), 4.31(m, 2H), 4.21(m, 5H), 2.95(s, 6H), 2.23(m, 1H) , 2.13(m, 1H) , 1.12(d, J=6.8Hz, 6H) , 1.05(d, J=6.8Hz, 6H). MS ESI (m/z): [M+Na]+ calcd for C34H39O4N9RuS2Na: 826.15076, found: 826.14610. Anal. Calc. for C34H39O4N9RuS2: C 50.86, H 4.90, N 15.70. Found: C 50.93, H 4.84, N 15.62%.
An example is given here on how to hydrolyse the dyes before using as sensitizers in the DSSC devices. 
[Bu4N][Ru(azpy)(dcbpy)(NCS)2] Ru(iBu2dcbpy)(azpy)(NCS)2 (45mg, 0.06mmol) was dissolved in 1M tetra-n-butylammonium hydroxide solution in methanol (5ml) and stirred at ambient temperature for 20 min. The solvent was then removed under vacuum. The residue was dissolved in water and pH of the solution adjusted to 3.0 using 0.1M nitric acid, at which point precipitation occurred. The solid was separated from the solution by centrifugation and then freeze-dried to give 52.1mg (99%) of the desired compound. 1H NMR (500MHz, MeOD): 9.24(d, J=5.7Hz, 1H), 9.09(d, J=5.7Hz, 1H), 8.87(s, 1H), 8.83(s, 1H), 8.73(d, J=8.3Hz, 1H), 8.36(t, J=7.8Hz, 1H), 8.10(d, J=5.9Hz, 1H), 8.07(t, J=6.7Hz, 1H), 7.83(d, J=5.8Hz, 1H), 7.36(d, J=5.7Hz, 1H), 7.26(t, J=7.1Hz, 1H), 7.15(t, J=8.0Hz, 2H), 6.80(d, J=7.7Hz, 2H), 3.26(t, J=8.1Hz, 13H), 1.68(quin, J=8.7Hz, 12.6H) , 1.43(hex, J=7.6Hz, 12.2H) , 1.04(t, J=7.2Hz, 19.3H). 13C NMR (500MHz, MeOD): 166.92, 166.16, 165.81, 157.87, 156.50, 155.69,  153.07, 152.06, 150.15, 144.18, 141.98, 141.22, 138.87, 136.30, 129.22, 128.39, 126.18, 126.00, 125.81, 125.08, 122.44, 122.31, 120.97, 58.06, 23.40, 19.37, 12.66. MS ESI (m/z): [M+H+] calcd for C41H53O4N8102Ru32S2: 887.26692; found: 887.26796. Anal. Calc. for C41H52O4N6RuS2: C 55.57, H 5.91, N 12.65. Found: C 55.37, H 5.75, N 12.57%.
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